Data on underground temperature obtained during the construction of the Arlberg and Tauem tunnels in Austria have been combined with measurements of the thermal conductivity of 42 samples of rock from near the tunnels to calculate the terrestrial heat flow. The value in the Arlberg is found to be (I -9 i-0.2) x 10-6 cal/cm2 s, and in the Tauern, (I -8 f 0-2) x 10-6 cal/cm2 s. The new results are in good agreement with the value I -9 x 10-6 cal/cm2 s found earlier in the Loetschberg tunnel in Switzerland, and indicate that relatively high geothermal fluxes extend into the eastern Alps. The high flux can be attributed to radioactive heat generation in a thickened crust.
I. Introduction
Determinations of terrestrial heat flow in the Alps, based on the temperatures measured in the three longest Swiss railroad tunnels, were reported in a previous paper (Clark & Niblett 1956 ; hereafter referred to as I). I n the summer of 1960 the writer had the opportunity to visit two of the great Austrian tunnels and collect samples for the measurement of thermal conductivity. The results, coupled with the temperatures observed during construction of the Arlberg and Tauern tunnels, yield two determinations of heat flow in the eastern Alps, which provide an interesting extension of the Swiss data.
The locations of the Arlberg and Tauern tunnels are shown in Figure I . The Arlberg runs through gneisses and schists of the pre-Mesozoic basement beneath the Arlberg pass, which connects the Tyrol with the Vorarlberg. The tunnel was completed in 1884. The Tauern tunnel runs through granites and granite gneisses which out-crop in the so-called Hohe Tauern Window. It lies about 2zokm to the east of the Arlberg, and it was completed in 1908.
Temperature measurements
Temperature profiles are shown in Figures 2 and 3. In the Arlberg the temperatures of the rock were measured with mercury thermometers in bore-holes 0.8 m deep in the walls of the tunnel. The measurements are described by Wagner (1884), from whose paper the data were taken. The temperature of the air of the tunnel was measured simultaneously; it was usually greater than the rock temperature, but the difference rarely exceeded 3 "C. Judging by the irregularities in the temperature profile of Figure 2 , the measurements are uncertain by about I "C.
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The temperatures in the Tauern tunnel were taken from handwritten reports of the construction company, which are preserved in the Verkehrsarchiv in Vienna. The technique and accuracy of the measurements are presumably roughly the same as in the Arlberg. The temperature measured at the point 4km from the north portal appears to be definitely low in relation to the surrounding measurements, however, and a value interpolated from adjacent observations was used for this point (dashed line, Figure 3) .
The Tauern tunnel encountered springs between 6 and 6.5 km from the north portal. These appear to have cooled the rock in their vicinity, and only the temperatures measured within 5 -5 km of the north end of the tunnel were used to determine the heat flow. The temperatures at the portals of the tunnels were estimated by extrapolation of the temperatures within the tunnels. In the Arlberg a value of 6.3"C was obtained in this way, which is reasonable for the elevation of the tunnel. A more complicated situation is encountered in the Tauern, since near the portal the tunnel runs in valley fill with only a few tens of metres of cover. About o-gkm from the portal it passes under the steep cliffs which form the south w d of the hlauftal; the temperature at this point, found by extrapolation to be 4-7"C, is taken to be the same as the temperature at the portal. This temperature is unusudy low for the elevation of the tunnel, probably because the point of observation lies at the foot of a steep cliff which faces northward.
Neither tunnel is level, and it is convenient to correct the temperatures in each to a common elevation. This was done using the uncorrected gradients given in Table 2 , which were determined by expressing the observed temperatures as functions of vertical cover without correction for topographic irregularities. The Arlberg was corrected to an elevation of I 300m; the maximum correction 
Geothermal gradients
Topographical corrections were made for stations at intervals of 0.5 km from the portals of both tunnels. The correction was the same as used in I (see also Clark 1957) . Account was taken of the evolution of the topography by assuming that an initially plane surface was uplifted by an amount L in time t and simultaneously eroded to the present topography. The present (projected) position of the initial surface is a distance D above the tunnel, and the depth of a station is denoted by 2. Calculations were made for t = 25 x 106 years, L = 4km, and D = 3.5 km, and for t = 4 x 106 years, L = 3 km, and D = 2.4 km. These values were also used in I, and hence a direct comparison of the results is possible.
Corrected results are given in Table I . Symbols not previously defined are a, the geothermal gradient; a', the rate of decrease of surface temperature with elevation; and a, which stands for 2/(7r~t)+, where K is the thermal diffusivity.
The topographic correction is contained in the term h(t), which is found from topographic maps in a manner similar to the correction in gravity surveys.
From the measurements of thermal conductivity and density given below, K is found to be roughly 50km2/106 years. The gradient a ' was taken to be 4-67 degC/km, a value that was obtained from a compilation of soil temperatures briefly described in I. For comparison, Kerner (1905) A plot of corrected temperature against corrected depth should yield a straight line with slope a-a ' and intercept To, where To is the surface temperature at tunnel level. Parameters of least-squares lines, fitted to the data for the various assumptions about the physiographic history, are given in Table 2 and two cases are shown in Figures 4 and 5. In the Arlberg tunnel the points representing the stations near the portal fall systematically above the line, and the temperature at the portal falls about 1°C below it. No point departs from the least-squares line by more than I-IOC, however, and hence the results are within the uncertainties of the topographic correction and the measurements of temperature. The temperatures at stations I -0 and I -5 in the Tauern tunnel fall as much as 3~6°C below the least-squares lines, and the intercepts of the lines are 1a5'C or more beneath the temperature at the portal. Three plausible explanations of the low temperatures can be given. The stations are close to the steep cliffs forming the south wall of the Anlauftal, and the topographic correction, which is approximate, may fail in cases of such rough topography. The cliffs face to the north, which may cause the temperatures at the surface, and consequently the temperatures at depth, to be abnormally low. Finally, the rocks in this vicinity are thermally anisotropic, conducting best in the plane of their foliation. The strike of the foliation is roughly perpendicular to the trend of the valley, so that there is a tendency for heat to be channelled towards the cliffs. This could also lead to low underground temperatures.
The data given in parts B and C of Table 2 were calculated by retaining or rejecting stations I -0 and I -5. The difference in gradient is I -5 deg C/km at most, or about 7 per cent. Without the low points, the slope of the curve depends Table I Topographic corrections Heat flow in the Austrian Alps 59 critically on the temperature at the portal since the remaining stations range over a corrected depth of only about 300 m and the shallowest of them is 750 m in depth. If the standard error of the slope is calculated in the usual way, no account is taken of the uncertainty of about 1°C in the temperature at the portal. The standard deviations of the slopes given in part C of Table 2 were found by determining the variance of the slope as usual, and increasing this value by I (deg C/km)2. This is very nearly equivalent to assuming that the temperature at the portal has a standard deviation of 1°C which is independent of the scatter of the remaining points. The standard errors calculated in this way are close to those given in part B of Table 2 . The differences between the 9-point and the 11-point solutions are much less than the differences between the extreme assumptions about the topographic history, and no serious additional uncertainty in the final results is introduced by the lack of an objective way of deciding which is superior. 
Thermal conductivity
Measurements of thermal conductivity were made on samples collected at the surface above the tunnels. Conductivity was determined in a modified divided bar apparatus, of the kind described by Birch (1950) , at a mean temperature of 25°C. The samples could be loaded with axial pressures up to aSoolb/inz; the effect of this load was less than the experimental error, which is estimated to be about 2 per cent.
The rocks of the Arlberg presented a problem in sampling, because they are steeply dipping garnetiferous phyllites and micaceous gneisses. It was difficult to collect specimens from which disks, I -5 inches in diameter, could be cut with the plane of the disk perpendicular to the plane of the foliation of the rock. Eight samples were collected from outcrops along the road which winds over the Arlberg pass. Despite efforts to make the sampling as representative as possible, it is undoubtedly biased in favour of the more resistant, less fissile units. These are probably the best thermal conductors, but since the structure is such that they are arranged in parallel with the poorer conductors, these beds are the most important to sample.
Measurements of the conductivity in a direction parallel to the plane of the foliation were made on seven samples, and the conductivity normal to the foliation was measured for all eight specimens. Results are summarized in Table 3 . Because of the steep dip of the foliation, the "parallel" specimens should be used to calculate the heat flow. These form a fairly homogeneous group with respect to conconductivity, despite considerable differences in appearance and mineralogical constitution. Lacking a far more elaborate sampling procedure, we can do no better than calculate the heat flow from the mean of the seven measurements.
No. of measurements 7 8 13 9 5 Table 3 T h m l conductivity The rocks in the vicinity of the Tauern tunnel are rather uniform granites and granitic gneisses. Samples were collected from fresh talus slopes along the Mindener Weg, a footpath which crosses the mountains in a direction parallel to the tunnel and about 2 k m to the east.
Most of the specimens showed clear-cut thermal anisotropy (Table 3) . According to Exner's tectonic map of the region (Exner 1957, Plate VIII), the dip of the foliation ranges from slightly less than 30" to less than 60" in the vicinity of the tunnel. If the mean dip is 40" f IO", the vertical component of the conductivity of the anisotropic rocks is (7.68 f 0.37) x 10-3cal/cmsdegC; most of the uncertainty in this figure arises from lack of quantitative information about the geologic structure between the tunnel and the surface. This number does not differ significantly from the mean conductivity of the few isotropic specimens.
The mean temperature of the rock between both tunnels and the surface is about 10°C to 12°C. The observed conductivity should be increased by about 2 per cent to take account of the difference between this temperature and the temperature of the measurements. We adopt the round figure (11.00 f -0.37) x 10-3cal/cmsdegC for the conductivity of the rocks in the Arlberg tunnel, and (7.83 f 0-37) x 10-3cal/cm s deg C for the conductivity in the Tauem.
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Flow ef heat
The flow of heat for the various assumptions about the topographic evolution are given in Table 4 . Two versions of the results for the Tauern are included; they correspond to retention or rejection of stations 1.0 and 1-5. The results for the two tunnels are in good agreement with each other. At worst the difference only slightly exceeds the combined standard errors for the same assumption about the topographic history. The Austrian values are also in good agreement with results for the Loetschberg tunnel given in I. They are rather lower than the value 2-2 x Io-6cal/cm2s adopted in the Simplon and considerably higher than I -4 x 10-6 (corrected to 1.6 x 10-6) cal/cm2s, as found in the Gotthard tunnel. Estimates of the heat flow in the two Austrian tunnels were hazarded in I. They are in fair agreement with the present determination in the Arlberg, but in the case of the Tauern the estimate was too low. It was thought that the estimated fluxes were, if anything, too high, but this does not prove to be the case.
An estimate was also made in I of the heat flow in the Albula tunnel in eastern Switzerland. It was later discovered that the gradient in this tunnel was based on a single measurement of temperature made several months after construction was completed. Hence this estimate is wholly unreliable.
Discussion
On the basis of the estimates of the heat flow in Austria, it was concluded in I that the heat flow in much of the Alpine region was about 1-5 x Io-6cal/cm2s.
The higher values in the Simplon and Loetschberg tunnels were considered to represent a more or less local anomaly. The previous discussion requires modification in the light of the present results, which show that high values of heat flow persist far to the east of the earlier determinations.
As in I, we shall assume a layered crust for purposes of discussion. The crust outside the mountains is assumed to consist of a layer of granitic rocks, 20km thick, lying on Iokm of basaltic rock. In the mountains the granitic layer is thickened to 35 km and the thickness of the basaltic layer is unchanged. If 5 x 10-13 cal/cm3s is produced by radioactivity in the granitic layer and 10-13cal/cm3s in the basalt, the heat flow in equilibrium with crustal radioactivity is 1-85 x 10-6 cal/cm2s in the mountains and 1.1 x 10-6cal/cm2s elsewhere. This model leads to plausible heat flow in the lowlands and to nearly sufficient heat flow in the mountains; the remainder can be assumed to originate beneath the mst.
If the root of the Alps was formed relatively recently, the heat flow at the surface may not be in equilibrium with the radioactivity of the root, and account of this effect may be taken by the approximation used by Birch (1950, p. 618) . If the root was formed 25 x 106 years ago, it is found by this method that the heat production in the granitic layer must be increased to 6 x 10-13cal/cm3s in order to obtain a heat flow of 1.8 x 10-6cal/cm2s from crustal radioactivity. :The equilibrium heat flow outside the mountains is then 1-3 x 10-6cal/cm2s. Both this figure and the value of the radioactivity of the granitic layer are acceptable in view of present knowledge of these quantities. There appears to be no difficulty in accounting for the high heat flow in the Alps on the basis of radioactive decay in a thickened crust.
The relatively low heat flow in the Gotthard tunnel can be explained in an ad hoc fashion only. Heat production in the underlying crust may be unusually low in its vicinity. Values of 3 x 10-13 to 4 x 10-13 cal/cm3s would be demanded, with the exact figure depending on the size and shape of the region of low heat production. Alternatively the vicinity of the Gotthard may have undergone less uplift in recent times than other parts of the Alps, despite the fact that this tunnel passes under the highest-standing part of Switzerland. At present there seems to be no way to decide between these explanations.
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